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Abstract

Background: Compared with patients who require fewer antihypertensive agents, those with apparent treatment-
resistant hypertension (@TRH) are at increased risk for cardiovascular and all-cause mortality, independent of blood
pressure control. However, the etiopathogenesis of aTRH is still poorly elucidated.

Methods: We performed a genome-wide association study (GWAS) in first cohort including 586 aTRHs and 871
healthy controls. Next, expression quantitative trait locus (eQTL) analysis was used to identify genes that are regulated
by single nucleotide polymorphisms (SNPs) derived from the GWAS. Then, we verified the genes obtained from the
eQTL analysis in the validation cohort including 65 aTRHs, 96 hypertensives, and 100 healthy controls through gene
expression profiling analysis and real-time quantitative polymerase chain reaction (RT-gPCR) assay.

Results: The GWAS in first cohort revealed four suggestive loci (1p35,4q13.2-21.1, 5g22-23.2,and 15g11.1-q12)
represented by 23 SNPs. The 23 significant SNPs were in or near LAPTM5, SDC3, UGT2A1, FTMT, and NIPAT. eQTL analysis
uncovered 14 SNPs in 1p35 locus all had same regulation directions for SDC3 and LAPTM5. The disease susceptible
alleles of SNPs in 1p35 locus were associated with lower gene expression for SDC3 and higher gene expression for
LAPTMS5. The disease susceptible alleles of SNPs in 4g13.2-21.1 were associated with higher gene expression for
UGT2B4. GTEx database did not show any statistically significant eQTLs between the SNPs in 5q22-23.2 and 15q11.1-
g12 loci and their influenced genes. Then, gene expression profiling analysis in the validation cohort confirmed lower
expression of SDC3 in aTRH but no significant differences on LAPTM5 and UGT2B4, when compared with controls and
hypertensives, respectively. RT-qPCR assay further verified the lower expression of SDC3 in aTRH.

Conclusions: Our study identified a novel association of SDC3 with aTRH, which contributes to the elucidation of its
etiopathogenesis and provides a promising therapeutic target.
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Background

Apparent treatment-resistant hypertension (aTRH)
is defined as either 2 blood pressures (BPs) of at least
140 mm Hg (systolic) or 90 mm Hg (diastolic) at least

*Correspondence: yibowang@hotmail.com 1 month apart during use of 3 antihypertensive agents
! State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National (including a diuretic) or hypertension requiring 4 antihy-
Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences pertensive classes [1]. The prevalence of aTRH was 19.7%
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according to the 2018 American Heart Association Sci-
entific Statement [2]. In China, the prevalence of aTRH
in older people (aged >60-75 years) was 5.97% (169)
among 3774 patients with hypertension [3]. Compared
with patients who require fewer antihypertensive agents,
those with apparent treatment-resistant hypertension are
at increased risk for cardiovascular and all-cause mor-
tality, independent of BP control [1]. However, the eti-
opathogenesis of aTRH is still poorly elucidated. Here, we
performed a genome-wide association study (GWAS) to
identify genetic polymorphisms associated with aTRH.

Results

Discovery of aTRH-associated loci by GWAS

Five hundred eighty-six aTRHs and 871 controls were
analyzed in the GWAS after quality control (Fig. 1). The
Manhattan and Q-Q plots from this aTRH GWAS were
shown in Fig. 2 A, B, which included a total of 2,175,451
variants from peripheral blood samples of 1358 indi-
viduals (556 aTRHs, 802 healthy controls) (Fig. 1). The
genomic inflation factor (lambda) and intercept was 1.062
and 1.0123, respectively (Additional file 1: Table S1), indi-
cating that there was no inflation of P values due to the
results of population structure or relatedness. Four sug-
gestive loci, represented by 23 SNPs (3 genotyped and
20 imputed) with P values between le—5 and le—7,
were listed as follows: 1p35 (rs7542771, rs10798802,
rs11299707,  rs878465,  rs10798803,  rs10798804,
rs6668307, rs6659862, rs4949297, rs4949179, rs4949298,
rs10798805,  rs10753235,  rs10753236),  4ql3.2-
21.1 (rs1432330, rs4148279, rs4148277, rs7672805,
rs10000435, rs1432332), 5q22-23.2 (rs1876648,
rs10056108), and 15q11.1-q12 (rs7181789) (Table 1).
The 23 significant SNPs were in or near LAPTMS5, SDC3,
UGT2A1, FTMT, and NIPA1 (Fig. 2 C-F).

Expression quantitative trait locus (eQTL) analysis of the 23
SNPs from aTRH GWAS

We then investigated whether our associated 23 SNPs
had been described as eQTLs, using data from the GTEx
eQTL database (https://www.gtexportal.org/home/)
[4]. We input these SNPs into GTEx eQTL database to
identify genes that are regulated by these SNPs (Fig. 3A).
For example, rs7542771 in 1p35 locus, eQTL analysis
showed that TC/CC genotype had a significantly lower
SDC3 expression than TT genotype (Fig. 3B, Additional
file 1: Figure S1). The frequency of allele C was 0.79 in
the controls and 0.85 in the aTRHs (Table 1), so a lower
expression of SDC3 was speculated to be associated with
aIRHs. 14 SNPs in 1p35 locus all had same regulation
directions for SDC3 and LAPTMS in eQTLs analysis.
The disease susceptible alleles of SNPs in 1p35 locus were
associated with lower gene expressions for SDC3 in both
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artery and skeletal tissues and associated with higher
gene expressions for LAPTMS in thyroid, whole blood,
and skeletal tissues in the GTEx database (Fig. 3C, Addi-
tional file 1: Figure S2). Six SNPs in 4q13.2-21.1 locus all
had same regulation directions for UGT2B4. The disease
susceptible alleles of SNPs in 4q13.2-21.1 were associated
with higher gene expressions for UGT2B4 in both lung
and heart tissues (Fig. 3D, Additional file 1: Figure S3).
Besides, GTEx database did not show any statistically
significant eQTLs between the SNPs in 5q22-23.2 and
15q11.1-q12 loci and their influenced genes in any of the
tissues present in the database.

Validation of the eQTL results in another cohort
The baseline demographics of the validation cohort was
displayed in Table 2. We randomly selected 17 aTRHs, 9
hypertensives and 13 controls for expression profile chip
analysis. The results showed lower expression of SDC3 in
the peripheral blood of the aTRH group compared with
control group (unpaired ¢ test, P < 0.001) and hyperten-
sion group (unpaired ¢ test, P < 0.001), respectively. How-
ever, no significant differences on the expression of either
LAPTMS or UGT2B4 were observed between alTRH
group and control group or hypertension group. (Fig. 3E).
Therefore, SDC3 was the most prominent gene related
to aTRH. We also randomly selected 6 SNPs related to
SDC3 in 1p35 locus to detect their frequency in cases
and controls using MassARRAY high-throughput DNA
analysis to confirm the results of GWAS, which was
consistent (Additional file 1: Table S2). Due to the small
sample size of the expression profiling data, we further
determined SDC3 expression in the rest samples of the
validation cohort (52 aITRHs, 87 hypertensives, and 87
controls) using real-time quantitative polymerase chain
reaction (RT-qPCR) assay. RT-qPCR assay showed the
SDC3 expression levels in the aTRHs were lower than
those in the controls (unpaired ¢ test, P =0.004) and
the hypertensives (unpaired ¢ test, P =0.001) (Fig. 3F),
respectively.

Methods

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Study population

The GWAS aTRH patients were screened from a cohort
of 8933 Chinese Han participants with hypertension
aged 45-75 years between July 2012 and July 201 5[3],
who were recruited from 13 large-scale integrated and
specialized hospitals in 6 provinces (Heilongjiang, Shan-
dong, Liaoning, Wuhan, Fujian, Henan) and 3 municipal-
ities (Beijing, Shanghai, Tianjin) in China. The inclusion
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8,933 Chinese Han participants with
hypertension recruited from 13 large-scale

integrated and specialized hospitals in 6

Hypertension:
Inclusion: SBP >150 mm Hg or DBP >90 mm Hg for the elderly or
history of hypertension or receiving drug treatment in the previous
one year (each week >3 days).

556 cases (277 females)
802 controls (295 females)
2,175,451 variants

S
provinces (Heilongj iang’ Shandong’ Liaoning, [ Exclusion: secondary hypertension, previously diagnosed severe
. L . liver and kidney diseases, mental disease, cancer, or systemic
Wuhan, Fujian, Henan) and 3 municipalities diseases.
(Beijing, Shanghai, Tianjin) in China (aged 45-
75 years between July 2012 and July 2015)
Cases were aTRH patients: Uncontrolled BP: the concurrent use of
3 different antihypertensive medication classes (ideally including a
diuretic) or controlled BP: >4 antihypertensive medication classes;
Controls: Matched with the aTRH subjects from healthy Chinese Han
clients without hypertension from health examination.
After screening of aTRH:
586 cases (294 females)
871 controls (323 females)
< Genotyping: Illumina Global Screening Array (GSA) (GSAMD-
rd
24v1-0, BioMiao Biological Technology, Beijing, China)
\4
After GSA genotyping: QC process:
586 cases (294 females) Sex discrepancy: exclude 2 cases, 5 controls;
Select autosomal SNPs only (i.e., from chromosomes 1 to 22):
871 controls (323 females) 672,590 variants;
. Exclude “NA” in Allele 1 or 2: 481,437 variants remaining;
700’078 variants Exclude the second SNP of double BP in *.bim file: exclude 26
variants;
Missingness of SNPs 0.02 and individuals 0.02:
457,950 variants and 1,419 people (581 cases and 838 controls)
remaining;
\/ Minor allele frequency (MAF) 0.05: 270,026 variants remaing;
Hardy—Weinberg equilibrium (HWE) 1E-10: 269,882 variants
After QC: remaing;
Remove heterozygosity rate outliers (removing deviate +3 SD):
557 cases (278 females) 1,440 people (572 cases and 828 controls) remaining;
805 controls (296 females) Relatedness (pi-hat >0.2): 1,362 people (557 cases and 805 controls)
remaining.
269,882 variants
Imputation process:
S)
Genipe process:
Yy Filtering-rules: asn.maf<0.05; INFO: 0.8.
After imputation: Results merging:
557 cases (278 females) MAF: 0.05; INFO: 0.8; Rate: 0.98.
805 controls (296 females)
2,175,516 variants
QC after imputation process:
The same QC process as above.
1 HWE 1E-10: 65 variants removed due to Hardy-Weinberg exact test,
2,175,451 variants remaining;
A" Remove heterozygosity rate outliers (removing deviate +3 SD): 4
Final data: participants.

Fig. 1 Flow diagram of the screening aTRH patients and the QC results in both genotyping and imputation
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Fig. 2 Manhattan and Q-Q plots for aTRH GWAS. Negative log;, transformed P-values and physical positions for SNPs in associated regions. All

P values are negative log,, transformed, and both genotyped and imputed SNPs are shown (A, B). Blue line indicates suggestive association
threshold, P < 1E—5; red line indicates genome-wide significance threshold, P < 5E—8 (A). Suggestive associations for aTRH: LocusZoom plots (C-F)
showing the suggestive associated SNPs on chromosome 1 (C), 4 (D), 5 (E), and 15 (F) from GWAS of aTRH, respectively. Colors indicate LD between
the index SNP (purple) and other SNPs based on HapMap ASN data. The rug plot indicates regional SNP density within 400kb of the suggestive
SNPs in the chromosome. The recombination rate overlay (blue line, right x-axis) is based on HapMap ASN data. Gene positions and directions of
transcription are annotated based on hg19 /1,000 Genomes Nov 2014 release
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Table 1 Suggestive associations (P < 1E—5) observed for aTRH
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CHR SNP Imputed or BP RA NRA OR L95 U95 Pvalue Nearestgene MAF-case MAF-control
genotyped
1p35 157542771 Imputed 31237122 T C 0588 0465 0.743 8.76E—06 LAPTM5-SDC3 0.150 0.210
1p35 rs10798802 Imputed 31243913 T C 0578 0456 0.732 5.30E—06 0.147 0.209
1p35 rs11299707 Imputed 31246659 AC A 0.586 0464 0.742 833E—06 0.150 0211
1p35 rs878465 Imputed 31247089 A G 0.588 0465 0.744 9.34E—06 0.150 0211
1p35 rs10798803 Imputed 31247334 A C 0.588 0465 0.744 934E—-06 0.150 0211
1p35 rs10798804 Imputed 31247358 T C 0.588 0.465 0.744 934E—06 0.150 0211
1p35 rs6668307  Imputed 31247514 G T 0.588 0465 0.744 9.34E—06 0.150 0211
1p35 156659862  Imputed 31247540 T C 0.588 0465 0.744 9.34E—-06 0.150 0211
1p35 rs4949297  Imputed 31247674  C A 0.588 0465 0.744 934E—06 0.150 0211
1p35 54949179 Imputed 31247811 AT 0.588 0465 0.744 934E—-06 0.150 0211
1p35 rs4949298  Imputed 31247991 A G 0.588 0465 0.744 9.34E—-06 0.150 0211
1p35 rs10798805 Imputed 31248289 G T 0588 0465 0744 9.34E—06 0.150 0211
1p35 rs10753235 Imputed 31248432 A C 0.588 0465 0.744 934E—06 0.150 0211
1p35 rs10753236 Imputed 31248435 G T 0588 0465 0.744 9.34E—06 0.150 0211
4g13.2-21.1 151432330  Imputed 70513551 G A 1553 1290 1.869 3.33E—06 UGT2A1 0414 0.342
4913.2-21.1  rs4148279  Genotyped 70514358 C T 1.563 1.298 1.884 261E—06 0412 0340
4q13.2-21.1  rs4148277  Imputed 70514829 T A 1560 1295 1.879 2.75E—-06 0413 0.342
4q13.2-21.1 157672805  Imputed 70516520 G A 1.560 1295 1.879 2.75E—06 0413 0.342
4g13.2-21.1 1510000435 Imputed 70516671 C T 1.563 1297 1.884 271E—06 0417 0.343
4q13.2-21.1 151432332 Imputed 70517108 C T 1.580 1311 1.905 1.61E-06 0416 0.341
5q22-23.2 11876648  Genotyped 121027720 A G 1581 1318 1.898 838E—07 LOCI102467226-FTMT 0.475 0.394
5q22-23.2 rs10056108 Imputed 121028770 A T 1571 1309 1.886 1.24E—-06 0476 0.396
15911.1-q12 157181789  Genotyped 23043896 A G 1529 1.273 1.837 545E—06 NIPAT 0487 0423

Chr chrom genome version of CRCh37/hg19, Chr chromosome, SNP single-nucleotide polymorphism, BP base position, RA risk allele, NRA non-risk allele, OR odds ratio,

L95 lower 95% limit, U95 upper 95% limit, MAF Minor allele frequency

and exclusion criteria of hypertension were as follows:
the definition of hypertension is SBP>150 mmHg or
DBP > 90 mmHg for the history of hypertension or tak-
ing medicine treatment during the previous 1-year (>3
days in each week) patients or for the elderly. If the par-
ticipants had secondary hypertension, they would be
excluded. Sleep apnea was also ruled out due to its fre-
quent coexists with hypertension. White coat hyper-
tension patients were not excluded through measuring
ambulatory monitoring BP. Besides, all participants were
not diagnosed systemic diseases, severe liver and kidney
diseases, cancers, or mental diseases previously. aTRH
was defined as BP above goal though using 3 different
antihypertensive agent classes, ideally including a diu-
retic or achieving BP control through >4 antihyperten-
sive drug classes. The pseudo resistance issues were not
ruled out as potential factor for the ongoing hyperten-
sion. At the beginning of the enrollment, controls were
matched with the suspected aTRHs for age, sex, and
region of residence from healthy Chinese Han clients
without hypertension from health examination, and then

some cases were excluded due to controlled hyperten-
sion. Finally, 586 aTRHs and 871 controls were analyzed
in the GWAS.

The validation cohort included 65 aTRHs, 96 hyper-
tensives, and 100 controls, which was screened from
a previous cohort from Rizhao City, in the northern
region of China from 2009 to 2010 which has been
described previously [5, 6]. The following strict inclu-
sion criteria were used for both hypertension patients
and controls: (1) Chinese Han people, (2) aged from
50-77 years, (3) BMI ranged from 19.4 kg/m? to 24.6
kg/m?, and (4) subjects were excluded when they had
any known diseases including thyroid disease, hema-
tological diseases, heart failure, valvular heart disease,
liver or kidney dysfunctions, infections, autoimmune
diseases, or tumors. The controls had normal blood
pressure (SBP < 120 mmHg and DBP < 80 mmHg)
and no history of hypertension. On the other side, the
patients with essential hypertension had (1) elevated
blood pressure SBP > 160 mmHg and DBP > 100
mmHg (antihypertensive drug treatment in a patient
with a history of hypertension SBP > 160 mmHg and
DBP > 100 mmHg is an alternate indicator) and (2)
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Fig. 3 eQTL analysis, gene expression profiling analysis, and RT-gPCR assay identified the low expression of SDC3 was associated with aTRH. A
Directional effects of the four suggestive loci from the GTEx portal (https://www.gtexportal.org/home/). B, C The eQTL plots of the rs7542771 in
1p35 were downloaded from the GTEx portal. Numbers below the genotypes indicate sample size. eQTL P values are indicated. D The eQTL plots
of the rs1432330 in 4g13.2-21.1 were downloaded from the GTEx portal. Numbers below the genotypes indicate sample size. eQTL P values are
indicated. E Peripheral blood gene expression profiling analysis results of SDC3, LAPTM5, and UGT2B4 were detected by Affymetrix Human Gene
2.0ST Array in 17 aTRHSs, 13 controls, and 9 hypertensives. The error bar indicated 1 SD from the mean. Two tailed t test was used for comparison
between two groups. F The expression difference of SDC3 was further verified by quantitative polymerase chain reaction experiments in peripheral
blood from our previous cohort. The expression of SDC3 in aTRHs was significantly lower when compared with controls or hypertensives (52 vs

hypertension history for more than 4 years. aTRH was
defined as same as above.

The study was approved by the Fuwai Hospital eth-
ics committee, Peking Union Medical College, and
conducted based on the Declaration of Helsinki. Writ-
ten informed consents were obtained from all subjects.
The baseline demographics of the two cohort were dis-
played in Table 2.

BP measurement in the two cohorts

BP was measured by trained professionals with a vali-
dated oscillometric BP monitor (Omron HEM-907XL)
with appropriately sized arm cuffs in the subject’s right
arm and a standardized protocol. Patients were instructed
to sit quietly for 5 min before taking the measurement. All

participants were asked to avoid alcohol, smoking, coffee/
tea, and exercise for at least 30 min before the BP measure-
ment. BP was taken three times: 30 s apart and after 5 min
of rest, and an average of three readings was used as ana-
lyzed BP levels [7].

Genotyping, quality control and imputation of the GWAS
data

The genomic DNA was extracted from peripheral blood
of all the participants. Genotyping in all individuals
was done using Illumina Global Screening Array (GSA)
(GSAMD-24v1-0, BioMiao Biological Technology, Bei-
jing, China). The quality control measure for all samples
was applied by using PLINK 1. 9[8] (www.cog-genom
ics.org/plink/1.9/) and language R (https://www.r-proje
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Table 2 Baseline characteristics of study participants
Characteristics GWAS cohort Validation cohort

aTRHs Controls Pvalue aTRHs Hypertensives Controls Pvalue
Number of samples 586 871 65 96 100
Age (year) 5844116 58.74+9.7 0.593 593459 60.6+6.7 598+6.6 0434
Sex, male (%) 292 (49.8) 548 (62.9) <0.001 32(49.2) 48 (50.0) 51(51.0) 0.987
Body mass index (kg/mz) 265436 262439 0.138 23.14£19 226415 221+£14 < 0.001
Waist circumference (cm) 916487 837456 <0.001 90.5+84 84.7+6.3 832458 < 0.001
SBP (mm Hg) 159.84+24.8 117.74£121 < 0.001 1582419.1 1443+£149 114176 < 0.001
DBP (mm Hg) 920+154 743+89 <0.001 949+113 873£105 69.2+53 <0.001
Smoke (%) 124 (21.2) 164 (18.8) 0.273 14 (21.5) 19(19.8) 19 (19.0) 0912
Alcohol (%) 91 (15.6) 141 (16.2) 0.736 11 (16.9) 16 (16.7) 16 (16.0) 0.980
Hyperlipidemia (%) 319 (54.4) 0 < 0.001 36 (55.4) 0 0 <0.001
Coronary heart disease (%) 71(29.2) 0 <0.001 19(29.2) 202.1) 0 <0.001
Type 2 diabetes mellitus (%) 213 (36.3) 0 < 0.001 25(38.5) 220 0 < 0.001
Stroke (%) 149 (25.4) 0 < 0.001 14 (21.5) 0 0 < 0.001
Family history of hypertension (%) 379 (64.7) 0 <0.001 41 (63.1) 59 (61.5) 0 <0.001
Antihypertensive drugs
Calcium channel blocker, n (%) 530 (90.4) 0 <0.001 59 (90.8) 63 (65.6) 0 <0.001
ARB or ACEi, n (%) 372 (63.5) 0 < 0.001 43 (66.2) 46 (47.9) 0 <0.001
Beta-blocker, n (%) 295 (50.3) 0 <0.001 34(52.3) 33(344) 0 <0.001
Diuretics, n (%) 1(87.2) 0 <0.001 57(87.7) 0(104) 0 <0.001

aTRH apparent treatment resistant hypertension, SBP systolic blood pressure, DBP diastolic blood pressure; smoking and drinking status counts only current smokers
and drinkers, excluding those who have quit, ARB angiotensin receptor blocker, ACEi angiotensin-converting enzyme inhibitor; data were given as mean =+ SD.
Differences in continuous variables between two groups were compared with a unpaired t-test and differences in categorical variables were measured with a chi-

square test. Two-tailed P value of < 0.05 was considered statistically significant

ct.org/). Briefly, the exclusion criteria were as follows:
individuals and markers <98% genotype calls, minor
allele frequency <5%, and Hardy-Weinberg equilibrium
(P < 1E—10). Sex was matched with genetic data. Auto-
somal SNPs only (i.e., from chromosomes 1 to 22) were
selected. Outliers of subjects were removed by a criterion
of deviate =3 SD from heterozygosity rate mean of the
samples. The cryptic relatedness was assessed and related
pairs (defined as pairs with pi-hat>0.2) were removed
[9]. The ethnicity of the samples was ascertained by car-
rying out a multi-dimensional scaling (MDS) analysis of
the genotypes, and the cluster of all individuals was con-
centrated in the Asian (ASN) descent (Additional file 2).
A total of 269,882 variants of 1362 samples were directly
genotyped after quality control and were available for the
following imputation. The whole-genome imputation
was conducted by utilizing the GENome-wide Imputa-
tion PipelinE (genipe) module [10], which provides an
easy and efficient pattern for performing genome-wide
imputation analysis through using three commonly uti-
lized tools PLINK, SHAPEIT, and IMPUTE2. PLINK was
applied for the initial genetics data management; SHA-
PEIT was implemented for the loci strand verification
and phasing step; IMPUTE2 was carried out in 5-Mb
segments for the imputation process. Pipeline of the

genipe package was used for managing the intermediate
files produced by the tools at different stages. The 1000
Genomes Phase I integrated haplotypes in NCBI build 37
(hgl9) coordinated data [11] of ASN ancestry was used
as a reference, which included Japanese individuals from
Tokyo, Japan (89), and Han Chinese individuals from
South (100) and Beijing, China (97). A high genotype
information value (info>0.8) was applied for imputing
single-nucleotide polymorphisms (SNPs) process. The
imputed and genotyped processes were utilized the same
quality control criteria, yielding a total of 2,175,451 vari-
ants from 1358 individuals (786 males, 572 females; 556
cases, 802 controls).

Data analysis of the GWAS data

To detect the genetic association between the SNPs and
aITRH, a GWAS logistic regression model was performed
in PLINK 1.9 [8] by adjusting for sex and the top 10 com-
ponents from the MDS analysis as covariates. The analy-
ses were performed with both genotyped and imputed
SNP data. The significance threshold was based on the
Bonferroni correction for multiple tests. Any SNPs with
P < 5E—8 were considered to be genome-wide signifi-
cant. Any SNPs with 5E—8 < P < 1E—5 were considered
as suggestive significance SNPs associated with aTRH.
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The SnpEff v3.6 [12] was applied for making a variant
annotation for the SNPs with suggestive significance. R
statistical package (R Foundation for Statistical Comput-
ing) was implemented for calculating genomic inflation
factors (lambda), generating Manhattan and quantile-
quantile (Q-Q) plots. LocusZoom [13, 14] (http://csg.
sph.umich.edu/locuszoom/) was carried out to visualize
regions around SNPs with suggestive significance. Link-
age disequilibrium (LD) scores were calculated by LDSC
[15, 16]. The general information of aTRH GWAS was
given in Additional file 1: Table S1.

Characterization of genomic risk loci based on aTRH GWAS
Genomic risk loci for aTRH susceptibility were defined
based on aTRH GWAS summary statistics, and several
subsets of SNPs in the loci were named by the following
criteria: (i) independently significant SNPs: P < 1E—5 and
independent from each other at r2 < 0.6; (ii) candidate
SNPs: r2>0.6 with one of the independent significant
SNPs, all of those candidate SNPs including non-GWAS-
tagged SNPs will be submitted to further gene mapping;
(iii) independent lead SNPs: independent significant
SNPs and independent from each other at r2 < 0.1; (iv)
genomic risk loci: merging lead SNPs within a 250 kb
window, containing multiple independent significant
SNPs and/or lead SNPs.

eQTL analysis using the GTEx database

To investigate if any of the variants are eQTLs, we used
the GTEx portal web tool of the GTEx database (GTEx
Analysis Release V8 (dbGaP Accession phs000424.v8.p2))
with default parameters to obtain the data. Our eQTL
analysis was carried out by logging onto https://gtexp
ortal.org, typing in the corresponding rs number of iden-
tified variants, and checking if they have any associated
eQTLs.

Expression profile chip analysis

The Affymetrix human gene 2.0 ST profile chip was
used to detect the whole transcript level. About 2.5 mL
of venous blood was collected with PAXgene (Qiagen)
venous blood collection tube, blood was used to extract
RNA for further research [6].

Real-time quantitative polymerase chain reaction

Total RNAs from tissues or cell lines were isolated using
TRIzol and subjected to reverse transcription with
according to the manufacturer’s instructions. For quan-
titative PCR, cDNA fragments were subjected to SYBR
Green RT-PCR (11203ES03, YEASEN, China) using ABI
system. Analysis of SDC3 mRNA expression was per-
formed using the primers as follows: 5-TGGCGCAGT
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GAGAACTTCG-3' (forward) and 5-CCCCGAGTA
GAGGTCATCCAG-3' (reverse). Specific PCRs (20 pL)
were set up as described previously [17]. The quantitative
measures were obtained using the 22T method.

Statistical analysis

Data are reported as mean + standard deviation (SD)
for continuous variables and as frequency for categori-
cal variables. Differences in continuous variables between
two groups were compared with an unpaired ¢-test and
differences in categorical variables were measured with
a chi-square test. Two-tailed P value of < 0.05 was con-
sidered statistically significant. Differences between
multiple groups were performed by analysis of variance
(ANOVA). All statistical analysis involved using SPSS
Statistics 17.0.

Discussion

This study represents the first GWAS of aTRH in the Chi-
nese Han population. Over the past few years, GWAS and
exome sequencing studies have resulted in an unparal-
leled burst of discovery in the genetics of blood pressure
regulation and hypertension [18-21]. More importantly,
GWAS, while expanding the list of common genetic vari-
ants associated with blood pressure and hypertension, are
also uncovering novel pathways of blood pressure regu-
lation that augur a new era of novel drug development,
repurposing, and stratification in the management of
hypertension [18]. Although the genetics of blood pres-
sure and essential hypertension have been extensively
investigated, the evidence focused on the genetic studies
of aTRH is still limited, and the procurable genetic data
about resistant hypertension (RH) are hindered by power
and scope [22, 23]. Recently, a few GWASs have identi-
fied some possibly significant SNPs for susceptibility to
RH/aTRH in the American, European, African, and Japa-
nese population [22, 24—28]. Our research fills the gap in
the current state of knowledge of genetic polymorphisms
associated with aTRH in Asian Chinese population and
provides a basis for future studies.

Here, we performed a GWAS of aTRH in Asian Chi-
nese population, which was from a large-scale screen-
ing of hypertension data (8,933 hypertensive patients)
[3]. In this study, we found 4 suggestive loci, represented
by 23 SNPs. GTEx and the eQTL catalogue provided us
with the unique opportunity to investigate the associa-
tions among genotype and gene expression [29]. Through
eQTL analysis, we associated these aTRH related SNPs
with the genes they could potentially regulate [30].
Three candidate genes: SDC3, LAPTMS, and UGT2B4
were identified that were regulated by SNPs in 1p53 and
4q13.2-21.1 locus.
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Lysosomal-associated transmembrane protein 5
(LAPTMS5) [31], involved in lysosome biogenesis and
function, has been identified as a potential blood bio-
marker for hypertensive patients with left ventricular
hypertrophy [32] and was upregulated in insulin resist-
ance and obesity [33, 34]. Uridine 5'-diphosphate-glu-
curonosyltransferase 2B4 (UGT2B4), reported linked to
metabolism, could convert hydrophobic bile acids into
more hydrophilic glucuronide derivatives [35]. Higher
level of UGT2B4 was observed in at least four of five
primary human hepatocellular carcinogenesis patients
compared to matched nontumorous liver tissues [36].
Syndecan-3 (SDC3), a heparin sulfate proteoglycan, had
been found by previous studies to be linked with energy
balance and obesity [37]. Then, gene expression profiling
analysis in the validation cohort showed lower expression
of SDC3 in aTRH but no significant differences on the
expression of either LAPTMS5 or UGT2B4 were observed.
We further confirmed lower expression of SDC3 in aTRH
using RT-qPCR assay.

It has been reported that food deprivation increased
hypothalamic syndecan-3 levels more than 4-fold above
that of ad libitum fed mice and the elevated levels of syn-
decan-3 fall with refeeding [38]. The data of mouse model
uncovered that SDC3 null mice improved lipid metabo-
lism [39], but our study identified the low expression of
SDC3 was associated with aTRH. These results suggested
that while closely related, aTRH and obesity were regu-
lated by SDC3 via different mechanisms.

GWAS on hypertension have contributed to the depth
of understanding of the genetics origins of hyperten-
sion [40]. The genetic architecture of blood pressure
encompasses approximately 30 genes, with rare vari-
ants involved in blood pressure dysregulation and > 1477
common SNPs associated with blood pressure [19]. But
our results do not correlate with previous hypertension
researches. The reasons for this may be hypertension is
mainly related to blood pressure regulation [20, 41-44],
while resistant hypertension is closely related to metabo-
lism [45-49], like fatty acid, lipid, amino acid, and purine
metabolism. So, it is not surprising that there are no
repeated results between our study and theirs.

Recently, a few GWASs have identified some possibly
significant SNPs for susceptibility to RH/aTRH in the
American, European, African, and Japanese population
[22, 24-28], such as ATPase, Ca++ transporting, plasma
membrane 1 (ATP2B1I) rs12817819 [28], DLG-associated
protein 1 (DLGAPI) rs1442386 [27], cytokine-dependent
hematopoietic cell linker (CLNK) rs13144136 [25], castor
zinc finger 1 (CASZI) rs12046278 [22], and protein tyros-
ine phosphatase receptor type D (PTPRD) rs324498 [24].
In these studies including ours, only PTPRD rs324498
was reported in three cohorts, while no more SNPs were
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reported in two or more cohorts [22, 24—28]. It could be
due to lots of reasons. The first is from different genetic
background. The second is the inclusion criteria dif-
ference. The third is from the control cohort. Normal
healthy population was used in some studies, while mild
hypertension or controllable hypertension population
was used in other studies. Metabolism of antihyperten-
sive agents plays an important role in aTRH. So environ-
mental factors such as diet style, exercise, and stress were
also involved. It could be due to the same inclusion cri-
teria and similar genetic background that we confirmed
our results in the validation cohort in our study.

The study has some limitations. First, GSA BeadChip
was used for genotyping in this GWAS, which is an effec-
tive chip for the genetic risk screening in the large-scale
populations globally, containing a total of 642,824 mark-
ers and performing perfect filling performance across 26
continental populations. Therefore, the specificity of the
GSA SNP genotyping results for Chinese population is
not as good as Asian Screening. Secondly, the samples of
the GWAS cohort are relatively small; however, they are
carefully and strictly screening from a large-scale screen-
ing of hypertension data (8933 hypertensive patients)
with strict inclusion and exclusion criteria. Finally, this
study was the only one multi-center study of Chinese
Han population with aTRH in China, which should be
further verified in non-Han populations.

Conclusions

In conclusion, the GWAS in the first cohort suggested
four suggestive loci, represented by 23 SNPs associated
with aTRH. Next, eQTL analysis uncovered SDC3 and
LAPTMS were regulated by the SNPs in 1p35 locus, and
UGT2B4 was regulated by the SNPs in 4q13.2-21.1 locus.
Then, gene expression profiling analysis and RT-qPCR
assay in the validation cohort showed that low expression
of SDC3 was observed in aTRH. Our study identified a
novel association of SDC3 with aTRH, which contributes
to the elucidation of its etiopathogenesis and provides a
promising therapeutic target.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-022-02665-X.

Additional file 1: Table S1. The general information of aTRH GWAS.
Table S2. MassARRAY high-throughput DNA analysis of six randomly
selected SNPs related to SDC3. Figure S1. Multi-tissue eQTL compari-
sons of rs7542771 in 1p35 locus for SDC3 by GTEx database. Figure S2.
Multi-tissue eQTL comparisons of rs7542771 in 1p35 locus for LAPTMS by
GTEx database. Figure S3. Multi-tissue eQTL comparisons of rs1432330 in
4013.2-21.1 locus for UGT2B4 by GTEx database.

Additional file 2. Multi-dimensional scaling (MDS) analysis of the
genotypes.



https://doi.org/10.1186/s12916-022-02665-x
https://doi.org/10.1186/s12916-022-02665-x

Xiao et al. BMC Medicine (2022) 20:463

Acknowledgements
We thank all the patients and controls for participating in our study and for
offering all information.

Authors’ contributions

Study concept and design: YW, XX, and RH. Analysis of data: XX, RL, CW, YY, MY,
BC, and YZ. Interpretation of data: XX, RL, CZ, XZ, and WZ. Statistical analysis:
XX and RL. Drafting of the manuscript: XX and RL. Study supervision: YW.
Funding derived from grants: YW. All of the authors reviewed the manuscript
and approved the manuscript.

Funding

This work was supported by Chinese Academy of Medical Sciences Innovation
Fund for Medical Sciences with grant 2021-12M-1-016 and National Natural
Science Foundation of China with grant 81770424, 81970430, National Key
R&D Program of China with grant 2017YFC0909400.

Availability of data and materials

Restrictions apply to the availability of all data analyzed during this study to
preserve patient confidentiality or because they were used under license. The
corresponding author will, on request, detail the restrictions and any condi-
tions under which access to some data may be provided.

Declarations

Ethics approval and consent to participate

The study was approved by the Fuwai Hospital ethics committee (record
number 2012-400), Peking Union Medical College, and conducted based on
the Declaration of Helsinki. Written informed consents were obtained from all
subjects.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

IState Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National
Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences
and Peking Union Medical College, 167 Beilishi Rd, Beijing, China. 2Depart-
ment of Pharmacy, The First Affiliated Hospital, Xi'an Jiaotong University, 277
West Yanta Road, Xi‘an, Shaanxi, China.

Received: 16 June 2022 Accepted: 14 November 2022
Published online: 30 November 2022

References

1. Cohen JB, Cohen DL, Herman DS, Leppert JT, Byrd JB, Bhalla V. Testing
for primary aldosteronism and mineralocorticoid receptor antagonist
use among U.S. veterans : a retrospective cohort study. Ann Intern Med.
2021;174(3):289-97.

2. Carey RM, Sakhuja S, Calhoun DA, Whelton PK, Muntner P. Prevalence of
apparent treatment-resistant hypertension in the United States. Hyper-
tension. 2019;73(2):424-31.

3. WuC WangV, Zhang W, Li X, Wang L, Hui R. Prevalence and character-
istics of apparent treatment-resistant hypertension in older people in
China: a cross-sectional study. Clin Exp Hypertens. 2019;41(8):753-8.

4. Consortium G.The GTEx Consortium atlas of genetic regulatory effects
across human tissues. Science. 2020;369(6509):1318-30.

5. LiH, Pei F, ShaoL, ChenJ, Sun K, Zhang X, et al. Prevalence and risk factors
of abnormal left ventricular geometrical patterns in untreated hyperten-
sive patients. BMC cardiovascular disorders. 2014;14(1):1-7.

6. YanY,Wang J, Yu L, Cui B, Wang H, Xiao X, et al. ANKRD36 is involved
in hypertension by altering expression of ENaC genes. Circ Res.
2021;129(11):1067-81.

7. CuiB, Xiao X, Wang J, Wang H, Wu C, Yan Y, et al. Low THRB (thyroid
hormone receptor beta) promoter methylation levels in peripheral

1.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 10 of 11

blood leukocytes induced by systematic inflammation are involved in
low thyroid hormone function in metabolic syndrome. Hypertension.
2021;78(4):1005-15.

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second-
generation PLINK: rising to the challenge of larger and richer datasets.
Gigascience. 2015;4(1):513742-13015-10047-13748.

Anderson CA, Pettersson FH, Clarke GM, Cardon LR, Morris AP, Zondervan
KT. Data quality control in genetic case-control association studies. Nat
Protoc. 2010;5(9):1564-73.

. Lemieux Perreault L-P, Legault M-A, Asselin G, Dube M-P. Genipe: an

automated genome-wide imputation pipeline with automatic reporting
and statistical tools. Bioinformatics. 2016;32(23):3661-3.

Delaneau O, Marchini J. Integrating sequence and array data to create
an improved 1000 Genomes Project haplotype reference panel. Nature
communications. 2014;5(1):1-9.

. Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A

program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster
strain w1118; iso-2; iso-3. Fly. 2012;6(2):80-92.

. Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, et al.

LocusZoom: regional visualization of genome-wide association scan
results. Bioinformatics. 2010;26(18):2336~7.

. Boughton AP, Welch RP, Flickinger M, VandeHaar P, Taliun D, Abecasis GR,

et al. LocusZoom. js: interactive and embeddable visualization of genetic
association study results. Bioinformatics. 2021;37(18):3017-8.

. Bulik-Sullivan BK, Loh P-R, Finucane HK, Ripke S, Yang J, Patterson N, et al.

LD Score regression distinguishes confounding from polygenicity in
genome-wide association studies. Nat Genet. 2015;47(3):291-5.

. Zheng J, Erzurumluoglu AM, Elsworth BL, Kemp JP, Howe L, Haycock PC,

et al. LD Hub: a centralized database and web interface to perform LD
score regression that maximizes the potential of summary level GWAS
data for SNP heritability and genetic correlation analysis. Bioinformatics.
2017,33(2):272-9.

. Wang L, Lv Q HeY, Gu R, Zhou B, Chen J, et al. Integrated gPCR and stain-

ing methods for detection and quantification of Enterocytozoon hepato-
penaei in Shrimp Litopenaeus vannamei. Microorganisms. 2020;8(9):1366.
Padmanabhan S, Caulfield M, Dominiczak AF. Genetic and molecular
aspects of hypertension. Circ Res. 2015;116(6):937-59.

Padmanabhan S, Dominiczak AF. Genomics of hypertension: the road to
precision medicine. Nat Rev Cardiol. 2021;18(4):235-50.

Studies ICfBPG-WA. Genetic variants in novel pathways influence blood
pressure and cardiovascular disease risk. Nature. 2011;478(7367):103.
Tegegne BS, Man T, van Roon AM, Asefa NG, Riese H, Nolte |, et al. Herit-
ability and the genetic correlation of heart rate variability and blood
pressure in> 29 000 families: the Lifelines Cohort Study. Hypertension.
2020,76(4):1256-62.

Irvin MR, Sitlani CM, Floyd JS, Psaty BM, Bis JC, Wiggins KL, et al. Genome-
wide association study of apparent treatment-resistant hypertension in
the CHARGE consortium: the CHARGE pharmacogenetics working group.
Am J Hypertens. 2019;32(12):1146-53.

Jhuo S-J, Tsai W-C, Lee H-C, Lin T-H, Lee K-T, Lai W-TJG. Association
between adiponectin T94G polymorphism and resistant hypertension in
young-onset Taiwanese patients. Gene. 2019;689:161-5.

Gong Y, McDonough CW, Beitelshees AL, El Rouby N, Hiltunen TP,
O'Connell JR, et al. PTPRD gene associated with blood pressure response
to atenolol and resistant hypertension. J Hypertens. 2015;33(11):2278.
Dumitrescu L, Ritchie MD, Denny JC, El Rouby NM, McDonough CW,
Bradford Y, et al. Genome-wide study of resistant hypertension identified
from electronic health records. PloS one. 2017;12(2):e0171745.

El Rouby N, McDonough CW, Gong Y, McClure LA, Mitchell BD, Horen-
stein RB, et al. Genome-wide association analysis of common genetic var-
jants of resistant hypertension. Pharmacogenomics J. 2019;19(3):295-304.
Takahashi Y, Yamazaki K, Kamatani Y, Kubo M, Matsuda K, Asai S. A
genome-wide association study identifies a novel candidate locus at

the DLGAP1 gene with susceptibility to resistant hypertension in the
Japanese population. Sci Rep. 2021;11(1):1-11.

Fontana V, McDonough CW, Gong Y, El Rouby NM, S& ACC, Taylor KD, et al.
Large-scale gene-centric analysis identifies polymorphisms for resistant
hypertension. J Am Heart Assoc. 2014;3(6):e001398.



Xiao et al. BMC Medicine

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2022) 20:463

Kerimov N, Hayhurst JD, Peikova K, Manning JR, Walter P, Kolberg L, et al.
eQTL Catalogue: a compendium of uniformly processed human gene
expression and splicing QTLs. Nat Genetics. 2021; 53(9):1290-9.
D'Antonio M, Nguyen JP, Arthur TD, Matsui H, D’Antonio-Chronowska A,
Frazer KA, et al. SARS-CoV-2 susceptibility and COVID-19 disease severity
are associated with genetic variants affecting gene expression in a variety
of tissues. Cell Rep. 2021;37(7):110020.

Zhao L, Wang S, Xu M, He Y, Zhang X, Xiong Y, et al. Vpr counteracts the
restriction of LAPTMS5 to promote HIV-1 infection in macrophages. Nat
Commun. 2021;12(1):1-14.

LiT,Wang W, Gan W, Lv S, Zeng Z, Hou Y, et al. Comprehensive bioin-
formatics analysis identifies LAPTM5 as a potential blood biomarker for
hypertensive patients with left ventricular hypertrophy. Aging (Albany
NY). 2022;14(3):1508.

Xu X, Grijalva A, Skowronski A, van Eijk M, Serlie MJ, Ferrante AW Jr.
Obesity activates a program of lysosomal-dependent lipid metabolism
in adipose tissue macrophages independently of classic activation. Cell
Metab. 2013;18(6):816-30.

Hochberg |, Harvey |, Tran QT, Stephenson EJ, Barkan AL, Saltiel AR, et al.
Gene expression changes in subcutaneous adipose tissue due to Cush-
ing's disease. J Mol Endocrinol. 2015;55(2):81.

Barbier O, Torra IP, Sirvent A, Claudel T, Blanquart C, Duran-Sandoval

D, et al. FXR induces the UGT2B4 enzyme in hepatocytes: a potential
mechanism of negative feedback control of FXR activity. Gastroenterol-
0gy. 2003;124(7):1926-40.

Kondoh N, Wakatsuki T, Ryo A, Hada A, Aihara T, Horiuchi S, et al. Identifi-
cation and characterization of genes associated with human hepatocel-
lular carcinogenesis. Cancer Res. 1999;59(19):4990-6.

Chang BC-C, Hwang L-C, Huang W-H. Positive association of metabolic
syndrome with a single nucleotide polymorphism of Syndecan-3
(rs2282440) in the Taiwanese population. Int J Endocrinol. 2018;2018.
Reizes O, Lincecum J, Wang Z, Goldberger O, Huang L, Kaksonen M, et al.
Transgenic expression of syndecan-1 uncovers a physiological control of
feeding behavior by syndecan-3. Cell. 2001;106(1):105-16.

Strader AD, Reizes O, Woods SC, Benoit SC, Seeley RJ. Mice lacking the
syndecan-3 gene are resistant to diet-induced obesity. J Clin Investig.
2004;114(9):1354-60.

Dodoo SN, Benjamin IJ. Genomic approaches to hypertension. Cardiol
Clin. 2017,;35(2):185-96.

Newton-Cheh C, Johnson T, Gateva V, Tobin MD, Bochud M, Coin L, et al.
Eight blood pressure loci identified by genome-wide association study of
34,433 people of European ancestry. Nat Genet. 2009;41(6):666.
Martin-Lorenzo M, Martinez PJ, Baldan-Martin M, Ruiz-Hurtado G, Prado
JC, Segura J, et al. Citric acid metabolism in resistant hypertension:
underlying mechanisms and metabolic prediction of treatment response.
Hypertension. 2017;70(5):1049-56.

Cao N, Tang H, Tian M, Gong X, Xu Z, Zhou B, et al. Genetic vari-

ants of GRK4 influence circadian rhythm of blood pressure and
response to candesartan in hypertensive patients. Clin Exp Hypertens.
2021;43(7):597-603.

Takeuchi F, Isono M, Katsuya T, Yamamoto K, Yokota M, Sugiyama T, et al.
Blood pressure and hypertension are associated with 7 loci in the Japa-
nese population. Circulation. 2010;121(21):2302-9.

Tapia-Castillo A, Carvajal CA, Lopez-Cortés X, Vecchiola A, Fardella CE.
Novel metabolomic profile of subjects with non-classic apparent miner-
alocorticoid excess. Scientif Rep. 2021;11(1):1-12.

Kyoung J, Atluri RR, Yang TJH. Resistance to antihypertensive drugs: is gut
microbiota the missing link? Hypertension. 2022;79(10): 2138-47.

Givens RC, Lin YS, Dowling AL, Thummel KE, Lamba JK, Schuetz EG, et al.
CYP3AS5 genotype predicts renal CYP3A activity and blood pressure in
healthy adults. J Appl Physiol. 2003;95(3):1297-300.

Ho H, Pinto A, Hall SD, Flockhart DA, Li L, Skaar TC, et al. Association
between the CYP3A5 genotype and blood pressure. Hypertension.
2005;45(2):294-8.

Makris A, Seferou M, Papadopoulos DP. Resistant hypertension workup
and approach to treatment. Int J Hypertens. 2010;2011.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A genome-wide association study identifies a novel association between SDC3 and apparent treatment-resistant hypertension
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Discovery of aTRH-associated loci by GWAS
	Expression quantitative trait locus (eQTL) analysis of the 23 SNPs from aTRH GWAS
	Validation of the eQTL results in another cohort

	Methods
	Study population
	BP measurement in the two cohorts
	Genotyping, quality control and imputation of the GWAS data
	Data analysis of the GWAS data
	Characterization of genomic risk loci based on aTRH GWAS
	eQTL analysis using the GTEx database
	Expression profile chip analysis
	Real-time quantitative polymerase chain reaction
	Statistical analysis

	Discussion
	Conclusions
	Acknowledgements
	References


